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Abstract
Background: Obesity is a risk factor for various types of infectious diseases and cancer. The increase in adipose tissue causes
alterations in both adipogenesis and the production of adipocyte-secreted proteins (adipokines). Since natural killer (NK)
cells are the host’s primary defense against virus-infected and tumor cells, we investigated how adipocyte-conditioned
medium (ACM) affects functions of two distinct human NK cell subsets.
Methods: Isolated human peripheral blood mononuclear cells (PBMCs) were cultured with various concentrations of human
and murine ACM harvested on two different days during adipogenesis and analyzed by fluorescent-activated cell sorting
(FACS).
Results: FACS analyses showed that the expression of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL),
granzyme A (GzmA) and interferon (IFN)-c in NK cells was regulated in a subset-specific manner. ACM treatment altered IFN-
c expression in CD56dim NK cells. The production of GzmA in CD56bright NK cells was differentially affected by the distinct
adipokine compositions harvested at different states of adipogenesis. Comparison of the treatment with either human or
murine ACM revealed that adipokine-induced effects on NK cell expression of the leptin receptor (Ob-R), TRAIL and IFN-c
were species-specific.
Conclusion: Considering the growing prevalence of obesity and the various disorders related to it, the present study
provides further insights into the roles human NK cell subsets play in the obesity-associated state of chronic low-grade
inflammation.
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Introduction
Obesity, defined as a body-mass-index (BMI) $30 kg/m2, is
one of today’s leading health threats in most industrialized
countries [1]. Data from the National Health and Nutrition
Examination Survey (NHANES) 2005–2006 show that more than
34% of the US population aged 20 years and older were obese [2].
Excess body weight is associated with the manifestation of several
disorders, such as type 2 diabetes, cardiovascular disease,
hypercholesterolaemia and hypertension [3]. Furthermore, obesity
increases the susceptibility to infections and the risk to develop
multiple types of cancer (e.g. colon and postmenopausal breast
cancer) [4,5]. These findings led to the suggestion of obesity being
an immunodeficient state [6].
White adipose tissue, which is highly expanded in obesity, acts
as an endocrine organ that actively participates in physiological
and pathological processes, including immunity and inflammation
[7]. Among the secreted adipokines with relevance for immuno-
logical processes are tumor necrosis factor (TNF)-a, interleukin
(IL)-6, leptin, adiponectin, resistin and visfatin [8,9]. Adiponectin’s
influence on immune functions seems to be mainly anti-
inflammatory as it suppresses the production and secretion of
the pro-inflammatory cytokines TNF-a, IL-6 and interferon (IFN)-
c by LPS-activated macrophages, while the anti-inflammatory
cytokines IL-10 and IL-1 receptor antagonist are induced in
adiponectin-treated monocytes, macrophages and dendritic cells
[10,11]. Leptin, resistin and visfatin are considered pro-inflam-
matory adipokines. They induce pro-inflammatory cytokines
[12,13] and their plasma concentrations are elevated during
inflammatory conditions [14]. Plasma leptin is elevated during
obesity [15], and cells of both the innate and adaptive immunity
are influenced by leptin [16]. Leptin-deficient children have been
reported to suffer more often from infections than their healthy
siblings and to show impaired numbers and function of T cells
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[17], thus implicating a role for leptin as a link between nutritional
and immunological status of the organism. Previous in vitro and
in vivo studies conducted by our group demonstrated an impaired
leptin-dependent signal transduction in natural killer (NK) cells in
diet-induced obesity (DIO) which could be ameliorated by transfer
of NK cells to a normal-weight metabolic environment [18,19].
NK cells are an integral component of the innate immune
system. They produce cytokines (e.g. IFN-c) that stimulate other
immune cells and they destroy infected or transformed cells [20].
NK cells express a variety of activating and inhibitory receptors
which determine their specificity for divergent targets [21].
Adiponectin is a negative regulator of IL-2-induced NK cell
cytotoxicity and of IFN-c production by NK cells [22]. The effects
of a composition of adipocyte-derived factors on NK cell
immunity, however, remain unclear. NK cells are the central
active component of the host’s immune system in the early phase
of cancer development and metastasis. Since adipokines have been
suggested to represent a possible link between obesity and cancer
[23], a detailed investigation on the influence of adipokines on
human NK cell functions is warranted. The aim of the present
study was to show how adipocyte-derived proteins may contribute
to a compromised immune response during obesity by systemat-
ically analyzing effects of human SGBS and murine 3T3-L1
adipocyte-conditioned medium (ACM) on human NK cell subsets.
The SGBS cell strain was established from a subcutaneous
adipose tissue sample of a male infant with Simpson-Golabi-
Behmel (SGBS) syndrome. It is utilized as an in vitro model for
human adipocyte differentiation and shows a protein secretion
pattern comparable to differentiating human preadipocytes in
primary culture [24].
Materials and Methods
Subjects
Leukocyte filters were obtained shortly after processing of blood
donations from healthy donors. Since the study is an investigation
of anonymous blood probes no written or verbal consent was
provided. For this study a formal written waiver (issued by the
head of the ethics committee Professor Tro¨ger) was obtained from
the ethics committee. All research was performed at the Hannover
Medical School.
For the stimulation with each of the different ACM, six
leukocyte preparations were made out of six filters. The samples
were categorized according to the BMI of the blood donors into
two groups: three normal-weight (nw, BMI ,25 kg/m2) and three
overweight (ow, BMI $25 kg/m2). In the nw group used for
stimulation with SGBS ACM harvested on day 7 the BMI range
was 20–24 with a mean age of 52 years and in the corresponding
ow group the BMI range was 25–29 with a mean age of 55 years.
In the nw group used for stimulation with SGBS ACM from day
11 the BMI range was 18–24 with a mean age of 43 years and the
corresponding ow group had a BMI range of 25–28 with a mean
age of 44 years. The PBMCs stimulated with 3T3-L1 ACM
harvested on day 7 were derived from three nw (BMI range 20–24,
mean age 43 years) and three ow (BMI range 25–27, mean age 56
years) blood donors to match the samples stimulated with the
SGBS ACM from day 7.
PBMC Isolation and Culture
PBMCs were isolated from leukocyte filters used for the
preparation of erythrocyte concentrates. Filters were obtained
from the Institute for Transfusion Medicine, Hannover Medical
School, shortly after blood passage and flushed with phosphate-
buffered saline (PBS) (Dulbecco, Pasching, Austria) in the opposite
direction of original blood flow. The extracted leukocytes were
separated by density gradient centrifugation for 20 minutes at
10006g and 4uC using biocoll separating solution (Biochrom AG,
Berlin, Germany). PBMCs from the interphase were washed with
PBS for 10 minutes at 10006g and 4uC and for another 10
minutes at 4006g and 4uC, resuspended in RPMI-1640 medium
supplemented with 10% fetal calf serum (FCS), 100 U/ml
penicillin, 100 mg/ml streptomycin, 2 mM L-glutamine and
1 mM sodium pyruvate (Biochrom AG) (R10-medium) and
adjusted to 26106 cells/ml. The PBMCs were cultured in 96-
well round-bottom cell culture plates (Greiner Bio-One GmbH,
Solingen, Germany) (56105 cells/well) in R10-medium supple-
mented with 100 iu/ml Interleukin-2 (IL-2) (Eurocetus, Amster-
dam, the Netherlands) at 37uC in a humidified atmosphere with
5% CO2.
SGBS Adipocyte-conditioned Medium
SGBS preadipocytes were seeded at a density of 4000 cells/cm2
and grew to 80% confluence in adipocyte growth medium
(DMEM medium plus 10% FBS, Invitrogen, Karlsruhe, Ger-
many, supplemented with 300 mM biotin, 150 mM panthothenat,
100 U/ml penicillin and 100 mg/ml streptomycin, all from Sigma-
Aldrich, Seelze, Germany). To initiate adipogenic differentiation,
cells were washed with PBS and incubated for three days with
adipogenesis medium 1 (adipocyte growth medium as above
without FBS plus 20 mM insulin, 0.2 nM triiodothyronine,
0.01 mg/ml human transferrin, 500 mM IBMX, 0.25 nM dexa-
methasone and 10 mM pioglitazone, all from Sigma-Aldrich,
Figure 1. Cytospots prepared with human peripheral blood
mononuclear cells (PBMCs) isolated from leukocyte filters or
heparinized blood showed no morphological differences in the
lymphocytes resulting from the preparation techniques. A)
PBMCs isolated from a leukocyte filter. The left cell displays an NK cell
expressing CD56 (red) and the leptin receptor (Ob-R, blue). The
hematoxylin stained lymphocyte (right) is negative for CD56 and Ob-R.
B) The representative cytospot prepared with PBMCs isolated from
heparinized blood shows a CD56/Ob-R double-positive NK cell (top), a
CD56-positive lymphocyte (middle) and a double-negative lymphocyte
counterstained in hematoxylin.
doi:10.1371/journal.pone.0075703.g001
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Seelze, Germany). At day four, medium was changed to
adipogenesis medium 2 (adipocyte growth medium as above
without FBS plus 20 mM insulin, 0.2 nM triiodothyronine and
0.01 mg/ml human transferrin). To obtain adipocyte-conditioned
medium, we collected the supernatants at days 7 and 11,
centrifuged the supernatants at 50006g for 10 minutes and
collected the ACM without transferring any cellular debris. ACM
was stored at 280uC and sterile-filtered before use.
3T3-L1 Adipocyte-conditioned Medium
3T3-L1 cells were grown in DMEM high glucose (GibcoH,
Invitrogen Carlsbad, CA) with 10% bovine calf serum (Hyclone,
Thermo Fisher Scientific, Waltham, MA). Two days after
confluence differentiation was induced with 800 nM insulin,
1 mM dexamethason and 0.5 mM 3-isobutyl-1-methylxanthine
in DMEM high glucose with 10% FBS (Atlas Biological, Fort
Collin, CO) for three days, followed by two days with 800 nM
insulin and 1 mM dexamethason. ACM was collected at days 7
and 11 after induction, stored at 280uC and sterile-filtered before
use.
Cell Stimulation
PBMCs were stimulated directly after isolation or after one or
two days in culture with either SGBS or 3T3-L1 ACM harvested
on day 7 or 11 after the induction of adipogenic differentiation (as
described above). Portions of 1% of the PBMC culture medium
were substituted with either SGBS or 3T3-L1 ACM harvested on
one of the respective days and 100 U/ml IL-2 (Eurocetus) was
supplemented. In cases where intracellular staining for cytokines
was performed, brefeldin A (2 mg/ml; Sigma-Aldrich, Seelze,
Germany) was added 1 h after the beginning of cell stimulation to
inhibit cytokine secretion. Cells were cultivated with the condi-
tioned medium for 24 hours at 37uC in a humidified atmosphere
with 5% CO2. A well of cells treated with R10-medium plus IL-
served as control.
Cytospot Preparation and Immunohistology
PBMCs were isolated from either leukocyte filters or from
heparinized blood. The heparinized blood samples were also
subjected to density gradient centrifugation and PBMCs extracted
from the interphase as described above. Afterwards, the cells were
maintained in R10-medium. Cells were washed with PBS for 10
minutes at 4006g and 4uC, adjusted to 7506103/ml in
autoMACSTM Rinsing Solution (Miltenyi Biotec GmbH, Bergisch
Gladbach, Germany) and 100 ml were applied per spot on
SuperFrostHPlus microscope slides (Menzel-Gla¨ser, Braunschweig,
Germany) and centrifuged for 5 minutes at 4006g in a Shandon
Cytospin3 centrifuge (Life Sciences International Ltd, Cheshire,
England). The cytospots were air-dried for 2 hours and preserved
at 220uC until staining. The unthawed preparations were
immersion fixed with methanol-acetone (1:1) for 10 minutes,
rehydrated with tris-phosphate buffered saline (TBS)-Tween (1:5;
Serva, Boehringer Ingelheim, Germany) and afterwards incubated
with the primary mouse anti human antibody directed against the
leptin receptor Ob-R (sc-8391; Santa Cruz Biotechnology, Inc.,
Heidelberg, Germany; dilution 1:100 in PBS 1 M, 1% BSA
(Serva, Heidelberg, Germany), 0.1% Na-azide (Merck, Darmstadt,
Germany) (measuring buffer)) overnight at 4uC in a humid
chamber. After rinsing in TBS-Tween, cytospots were incubated
with rabbit anti mouse immunoglobulins (Z259; 1:50; DakoCyto-
mation, Glostrup, Denmark) supplemented with 5% Pentaglobin
([,76%IgG, ,12% IgM, ,12% IgA], Biotest Pharma GmbH,
Dreieich, Germany) to prevent non-specific binding via Fc
receptors. To visualize the binding, the APAAP-complex (mono-
clonal mouse antibodies D651; 1:50 in TBS for 30 minutes;
DakoCytomation) was utilized, followed by the repetition of the
last two steps for 15 minutes. The cytospots were stained with Fast
Blue (Fast Blue BB Salt, Sigma-Aldrich, St. Louis, USA) for 25
minutes, washed with TBS-Tween and incubated with a second
primary mouse anti human antibody directed against CD56 (clone
NCAM16.2;BD Biosciences, Heidelberg, Germany; dilution
1:7500 in measuring buffer) for 30 minutes. After rinsing in
TBS-Tween, APAAP-labeling was repeated as described above
and cytospots were stained with Fast Red (Fast Red TR Salt,
Sigma-Aldrich) for 25 minutes, counterstained with hematoxylin
(1:5 in PBS; Mayer’s hemalaun solution, Merck, Darmstadt,
Germany) for 30 seconds and mounted in glycergel (DakoCyto-
mation). Method specificity was tested by omission of the primary
antibodies. Light microscopy was performed with an Axiophot
microscope (Carl Zeiss) to qualitatively analyze possible morpho-
logical alterations in the NK cells isolated from leukocyte filters as
compared to cells extracted from heparinized blood. As depicted
in Figures 1A and 1B no morphological difference resulted from
the cell preparation technique.
Phenotypic Analyses
For phenotypic analyses after 24 hours of stimulation (as
described above), PBMCs were stained with the directly labelled
monoclonal mouse-anti human antibodies CD3 conjugated with
phycoerythrin (PE)-Cy7 (CD3-PE-Cy7) (clone SK7, 1:50), CD56
conjugated with allophycocyanin (CD56-APC) (clone NCAM16.2,
1:100), CD253-PE (TRAIL; clone RIK-2, 1:20) (BD Biosciences,
San Diego, CA) and anti-hLeptin R (Ob-R) conjugated with
carboxyfluorescein (anti-hLeptin R-CFS) (clone # 52263, 1:20)
(R&D Systems, Wiesbaden, Germany). PBMCs (56105 cells/
100 ml) were incubated in 96 well-round bottom plates with the
Table 1. Lymphocyte numbers after 24 hours of stimulation with ACM (adipocte-conditioned medium).
Medium SEM 0.1% ACM SEM 1% ACM SEM 10% ACM SEM
NK cells 13.1 2.2 14.1 3.6 14.3 3.7 14.1 3.6
CD56dim NK cells 93.2 1.0 93.3 1.4 92.9 1.4 92.7 1.8
CD56bright NK cells 6.8 1.0 6.7 1.5 7.1 1.4 7.3 1.8
T cells 59.9 3.0 60.8 2.9 60.9 3.1 61.2 2.8
NKT cells 3.4 1.0 2.4 0.7 2.3 0.7 2.4 0.7
Human peripheral blood mononuclear cells (PBMCs) were isolated from six leukocyte filters and cultured for 24 hours with R10-medium conditioned with 0.1%, 1% or
10% of SGBS ACM. PBMCs incubated for 24 hours with medium only served as controls. A detailed description of the incubation procedure can be found in the materials
and methods section. NK cells, T cells and NKT cells are shown as percent of lymphocytes. CD56dim and CD56bright NK cells are shown as percent of all NK cells.
doi:10.1371/journal.pone.0075703.t001
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above mentioned antibodies for 20 minutes at 4uC, washed twice
with measuring buffer and analyzed by flow cytometry using a
FACSCanto (BD Biosciences, San Jose, CA) with FACS Diva
software v5.0.3. A well with cells stained with the above mentioned
Figure 2. Ob-R (leptin receptor) expression after ACM stimulation. Human peripheral blood mononuclear cells (PBMCs) isolated from six
leukocyte filters in each case were cultured for 24 hours with R10-medium conditioned with 1% of SGBS ACM harvested on day 7 or day 11 after
induction of adipogenic differentiation. PBMCs incubated for 24 hours with medium only served as controls. A detailed description of the incubation
procedure can be found in the materials and methods section. A) Ob-R-expressing human blood NK cells as percentage of human blood NK cells; B)
Ob-R-expressing human blood CD56dim NK cells as percentage of human blood CD56dim NK cells; C) Ob-R-expressing human blood CD56bright NK
cells as percentage of human blood CD56bright NK cells. D) Ob-R-expressing human blood NK cells as percentage of human blood NK cells from lean
(nw, BMI,25, n = 3) and overweight (ow, BMI$25, n = 3) humans after 24 hours of stimulation with 1% SGBS ACM harvested on day 7 after induction
of adipogenesis, controls were incubated for 24 hours with medium only. All data represent means+SEM.
doi:10.1371/journal.pone.0075703.g002
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antibodies except for anti-hLeptin R-CFS served as control for the
measurements of Leptin R.
Intracellular Staining
After 24 hours of cell culture and another 24 hours of
stimulation (as described above) the expression of intracellular
cytokines by NK cells was analyzed using a FACSCanto
cytometer. Prior to intracellular labelling cell surface staining
was performed. PBMCs (56105 cells/100 ml in 96-well round-
bottom plates) were stained with CD3-PE (1:250) and CD56-APC
(1:100). After 20 minutes at 4uC, cells were washed twice with
measuring buffer and incubated with PBS supplemented with 4%
paraformaldehyde (Merck, Darmstadt) in the dark for 10 minutes
at room temperature. Cells were washed once with measuring
buffer and once with saponin buffer (aqua dest. supplemented with
0.1% saponin and 0.01 M HEPES), then resuspended in saponin
buffer and stained with the directly labelled mononuclear mouse
anti-human antibodies granzyme A (GzmA) conjugated with
fluorescein isothiocyanate (GzmA-FITC) (clone CB9, 1:100) and
IFN-c-PE-Cy7 (clone 4 S.B3, 1:100) (both BD Biosciences). To
prevent non-specific binding via Fc receptors, each well was
supplemented with 5 ml Pentaglobin. The data from flow
cytometric analyses were processed with FACS Diva software
v5.0.3. A well with cells stained with the above mentioned
antibodies except for IFN-c-PE-Cy7 served as control for the
measurements of IFN-c expression by NK cells.
Figure 3. TRAIL expression after ACM stimulation. Human peripheral blood mononuclear cells (PBMCs) were isolated from six leukocyte filters
in each case and cultured for 24 hours with R10-medium conditioned with 1% of SGBS ACM harvested on day 7 or day 11 after induction of
adipogenesis. PBMCs incubated for 24 hours with medium only served as controls. A detailed description of the incubation procedure can be found
in the materials and methods section. A) TRAIL-expressing human blood NK cells as percentage of human blood NK cells; B) TRAIL-expressing human
blood CD56dim and CD56bright NK cells as percentage of human blood CD56dim and CD56bright NK cells. Statistically significant differences between
the numbers of TRAIL expressing CD56dim and CD56bright NK cells are depicted with an asterisk (*). All data represent means+SEM.
doi:10.1371/journal.pone.0075703.g003
Adipokines Differentially Affect Human NK Cells
PLOS ONE | www.plosone.org 5 September 2013 | Volume 8 | Issue 9 | e75703
Conjugate-forming Assay
After two days of culture and 24 hours of stimulation (as
described above), cell surface staining of the PBMCs (56105 cells/
100 ml) was performed in 96-well round-bottom plates by adding
CD3-PE (1:250) and CD56-APC (1:100) and incubating for 20
minutes at 4uC. After two washes, each well was supplemented
with 86104 cells of the K562 erythroleukemia line (which were
maintained in suspension culture flasks at 37uC in a humidified
atmosphere with 5% CO2) and replenished with R10-medium up
to a total volume of 240 ml. The cells were lightly centrifuged at
1006g for 3 minutes at 4uC and incubated for 20 minutes at 37uC,
5% CO2 and 85% RH. Cells were carefully resuspended and
transferred into FACS tubes using pipet tips with expanded
apertures. After gently mixing the cells, conjugate formation was
analyzed using a FACSCanto by gating on PBMC and K562 cells,
excluding CD3+ T cells.
K562 cells display a green autofluorescence which was detected
in the FL1 channel. By gating on clusters fluorescing green
(autofluorescence) and blue (CD56-APC) simultaneously, NK cells
bound to K562 target cells could be identified.
Statistics
Data are expressed as means+SEM. Significance was assigned
when p,0.05. Data sets were analyzed using one-way ANOVA
with Tukey multiple comparison test for post hoc analysis. The
software used was with StatView Version 5.0, SAS Institute Inc.,
Cary, NC.
Results
Human peripheral blood mononuclear cells (PBMCs) were
cultured for 24 hours with R10-medium conditioned with 1% of
SGBS ACM harvested on day 7 (d7) or day 11 (d11) after
induction of adipogenesis. For each of the two different ACM
treatments six different leukocyte preparations were analyzed.
PBMCs incubated for 24 hours with medium only served as
controls. Here we mainly show results after stimulation with ACM
Figure 4. Ability of human blood NK cells to form conjugates with cells of the K562 erythroleukemia line after ACM stimulation.
Human peripheral blood mononuclear cells (PBMCs) isolated from six leukocyte filters in each case were cultured for 24 hours with R10-medium
conditioned with 1% of SGBS ACM harvested on day 7 or day 11 after induction of adipogenic differentiation. PBMCs incubated for 24 hours with
medium only served as controls. A detailed description of the incubation procedure can be found in the materials and methods section. A) About
30% of the NK cells (CD32CD56+) were able to form conjugates with K562 target cells (upper right quadrant) irrespective of the cultivation
conditions. B) Conjugate forming human blood NK cells as percentage of human blood NK cells. All data represent means+SEM.
doi:10.1371/journal.pone.0075703.g004
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harvested on day 7 when stimulation with the two different ACM
lead to comparable findings. Incubation with medium only and
incubation with 50% R10-medium and 50% fresh adipogenesis
medium 2 (that has not been used to culture SGBS cells and
therefore does not contain adipokines) led to comparable results
(data not shown). All significant differences shown after ACM
stimulation versus incubation with medium only were also seen
after comparison of ACM stimulation with incubation with 50%
R10-medium and 50% adipogenesis medium 2. Therefore we
could exclude that effects after ACM stimulation were influenced
by supplements to the adipogenesis medium such as e.g.
triiodothyronine.
Figure 5. IFN-c and GzmA expression after ACM stimulation. Human peripheral blood mononuclear cells (PBMCs) isolated from six leukocyte
filters in each case were cultured for 24 hours with R10-medium conditioned with 1% of SGBS ACM harvested on day 7 (d7) or day 11 (d11) after
induction of adipogenesis. PBMCs incubated for 24 hours with medium only served as controls. A detailed description of the incubation procedure
can be found in the materials and methods section. A) IFN-c-expressing human blood CD56dim and CD56bright NK cells as percentage of human blood
CD56dim and CD56bright NK cells treated with 1% of the ACM harvested on day 7 after induction of adipogenic differentiation; B) GzmA-expressing
human blood CD56dim NK cells as percentage of human blood CD56dim NK cells treated with 1% of the ACM harvested on day 7 or 11 after induction
of adipogenic differentiation; C) GzmA-expressing human blood CD56bright NK cells as percentage of human blood CD56bright NK cells treated with
1% of the ACM harvested on day 7 or 11 after induction of adipogenic differentiation; Statistically significant differences between the stimulation
with SGBS ACM and the medium control are depicted with an asterisk (*). Statistically significant differences between the stimulation with SGBS ACM
harvested on day 7 after induction of adipocyte differentiation and the same dosage of SGBS ACM harvested on day 11 after induction of adipogenic
differentiation are depicted with a rhomb (#). Statistically significant differences between the numbers of IFN-c expressing CD56dim and CD56bright
NK cells are depicted with a paragraph sign (1). All data represent means+SEM.
doi:10.1371/journal.pone.0075703.g005
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Lymphocyte Numbers are not Altered After 24 Hours of
ACM Stimulation
After 24 hours of SGBS ACM stimulation, cell numbers were
not significantly changed as compared to the medium control.
Independent of the treatment conditions the proportions of NK
cells, T cells and NKT cells as percentage of lymphocytes
remained comparable, as did numbers of CD56dim and CD56bright
NK cells as percentage of all NK cells (Table1).
Expression of the Leptin Receptor is Comparable in Both
Human NK Cell Subsets Before and After ACM
Stimulation
In a previous study we could show that blood NK cells from
DIO rats show a significant up-regulation of the leptin receptor
isoform Ob-Rb in comparison to lean littermates [19]. Thus, we
investigated the effect of a 24 hours stimulation with human SGBS
ACM on the Ob-R expression of human peripheral blood NK
cells. About 4–8% of the NK cells expressed Ob-R (Fig.2A). The
two NK cell subgroups showed a comparable Ob-R expression
pattern (Fig.2B, C). Comparison of the Ob-R expression patterns
of NK cells from overweight (n = 3) and normal-weight subjects
Figure 6. Ob-R, TRAIL and IFN-c expression after stimulation with either murine or human ACM. PBMCs were cultured for 24 hours with
R10-medium conditioned with 1% of either murine 3T3-L1 or human SGBS ACM harvested on day 7 after induction of adipocyte differentiation.
PBMCs incubated for 24 hours with medium only served as controls. A detailed description of the incubation procedure can be found in the materials
and methods section. A) Ob-R-expressing human blood NK cells as percentage of human blood NK cells; B) TRAIL-expressing human blood NK cells as
percentage of human blood NK cells; C) IFN-c-expressing human blood NK cells as percentage of human blood NK cells. Statistically significant
differences between the stimulation with 3T3-L1 or SGBS ACM and the medium control are depicted with an asterisk (*). Statistically significant
differences between the stimulation with SGBS ACM and 3T3-L1 ACM are depicted with a rhomb (#). All data represent means+SEM.
doi:10.1371/journal.pone.0075703.g006
Adipokines Differentially Affect Human NK Cells
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(n = 3) showed a tendency towards higher numbers of Ob-R-
positive NK cells in the blood of overweight individuals (Fig.2D).
TRAIL Expression is Higher in CD56bright than in CD56dim
NK Cells
Flow cytometric examination of the cell surface expression of
TRAIL on human peripheral blood NK cells revealed that,6.2%
of all NK cells expressed TRAIL (Fig.3A, B). Stimulation with
SGBS ACM did not significantly affect the TRAIL expression.
Independently from cultivation conditions, CD56bright NK cells
expressed TRAIL six times more than CD56dim (Fig.3A, C).
NK Cell Ability to Form Conjugates with Target Cells is
not Altered After ACM Stimulation
In order to study the direct interaction between NK cells and
NK-sensitive target cells after 24 hours of SGBS ACM stimulation,
PBMC stimulation was followed by incubation with cells from the
erythroleukemia line K562 for 20 minutes. The subsequent flow
cytometric analysis revealed that ,30% of the NK cells were able
to form conjugates with K562 cells (Fig. 4). SGBS ACM did not
significantly alter the conjugate-forming ability of NK cells. We
also found no difference between CD56dim and CD56bright NK cell
populations concerning their ability to form conjugates with K562
cells.
ACM Stimulation Distinctly Influences the Expression of
Intracellular Cytokines in NK Cell Subsets
FACS analyses of the effect of a 24 hours SGBS ACM
stimulation on the expression of intracellular IFN-c by NK cells
revealed that the CD56bright NK cells showed a threefold higher
IFN-c expression as compared to the CD56dim NK cell subset
(Fig.5A). Additionally, the ACM stimulation lead to an increase in
the IFN-c expressing cells in the CD56dim NK cell subset, whereas
the already high IFN-c expression level of the CD56bright NK cells
remained unchanged.
A difference in the stimulatory effects of the two ACM harvested
on different days was seen regarding GzmA production by NK
cells. The numbers of both NK cell subsets significantly increased
after treatment with the ACM harvested on day 11 versus
treatment with the day 7 ACM (Fig.6B+C). Culturing of the
PBMCs with 1% of the day 7 ACM led to a significant decrease of
the GzmA-expressing CD56dim NK cells (Fig.5B). In contrast,
after stimulation with the day 11 ACM an increase of GzmA-
positive CD56bright NK cells could be observed (Fig.6C).
ACM-induced Effects on the Expression of Ob-R, IFN-c
and TRAIL in NK Cells are Species-specific
The human SGBS adipocyte strain was introduced ten years
ago and has consecutively been shown to be comparable to
primary human adipocytes in its gene expression profile during
differentiation [24]. The murine 3T3-L1 cell line has been a well
established model for the in vitro examination of adipogenesis and
the secretory functions of adipocytes for a long time [25,26]. Since
species-specific differences between human and murine adipokines
become more and more evident [27], we tested the species-
specificity of our stimulation assay by repeating selected experi-
ments with ACM of SGBS and 3T3-L1 adipocytes to compare the
effects of human and murine ACM on NK cell functions. The
ACM had both been collected on day 7 of adipogenesis, and in
each case PBMCs isolated from six different leukocyte filters were
cultured for 24 hours in R10-medium conditioned with either
SGBS or 3T3-L1 ACM. FACS analyses were performed to
determine the expression of Ob-R, TRAIL and IFN-c expression.
After treatment with the 3T3-L1 ACM, numbers of NK cells
expressing Ob-R or IFN-c were not altered as compared to the
medium control (Fig.6A, C). The levels of Ob-R+ NK cells were
significantly higher after treatment with SGBS ACM as compared
to the treatment with the murine 3T3-L1 ACM. While culturing
of the PBMCs with the human ACM did not affect the TRAIL
expression of NK cells, addition of the murine ACM led to a
decrease in the number of TRAIL-positive NK cells (Fig.6B).
The number of IFN-c-expressing NK cells was significantly
higher after treatment with the SGBS ACM in comparison to the
IFN-c expression of cells treated with 3T3-L1 ACM or medium
only (Fig.6C).
Discussion
The present study was conducted to investigate the influence of
an obese metabolic microenvironment on human peripheral blood
NK cells. According to the density of their surface expression of
CD56, human NK cells can be subdivided into two distinct
subsets: CD56dim and CD56bright NK cells [28]. Our analyses
showed that the intracellular cytokine production of NK cells and
cell surface marker expression were influenced subset-specifically
after stimulation with a heterogeneous cocktail of human
adipokines.
The CD56bright NK cell subset is assumed to act mainly via
immunomodulatory actions, being the subset type which primarily
secretes IFN-c [28]. We observed that a significantly higher
amount of the CD56bright NK cells expressed intracellular IFN-c
as compared to the CD56dim NK subset. Moreover, the
proportion of cells expressing the death ligand TRAIL was 6-
fold higher in the CD56bright subset than in the CD56dim NK cells.
So far, little is known about differences between the two human
NK cell subsets regarding their TRAIL expression pattern.
TRAIL is constitutively expressed in human and murine liver
NK cells [29,30]. In humans, one report noted the majority of
TRAIL to be expressed in the CD56bright subset of NK cells in
patients with chronic hepatits B [31]. As a subpopulation of
murine NK cells was shown to express TRAIL as a result of the
autocrine production of IFN-c [30,32], the greater occurrence of
TRAIL+ cells in the CD56bright compared to the CD56dim NK
cells could also be explained by a higher expression of IFN-c in
these cells. While the higher amount of IFN-c-positive CD56bright
NK cells was independent from culturing conditions, the initially
lower proportion of IFN-c-expressing cells seen in the CD56dim
NK subset was increased after stimulation with ACM. In earlier
investigations from our group a higher IFN-c production of NK
cells was seen after short-term (18 h) leptin treatment [33]. Long-
term leptin stimulation, on the other hand, led to a decreased IFN-
c production by NK cells. Taking our present findings into
consideration, it seems that this early increase in IFN-c production
is due to a higher IFN-c expression by the CD56dim NK cell
subset. This is further supported by a report that observed a
subset-specifically regulated IFN-c production by NK cells upon
receptor mediated stimulation. CD56dim NK cells produced IFN-c
in the early phase of stimulation, while the long-term IFN-c
production is performed by the CD56bright NK cell subset [34].
Adipose tissue is highly dynamic and adipocyte turnover occurs
constantly in human adults with a replacement rate of about 10%
of the fat cells per year [35]. The increase in adipose tissue mass
during obesity results from both hypertrophic and hyperplastic
growth [36]. It has been proposed to go along with adipose tissue
dysfunction in terms of impaired adipogenesis and aberrant
secretion patterns [37,38], consequently resulting in changing
circulating levels of adipokines [39].
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The collection of ACM we utilized in our experiments was
conducted on two different days of adipogenic differentiation.
Thus they contain different concentrations and types of adipokines
due to the respective secretory ability of SGBS adipocytes at the
particular point of time during adipogenesis. SGBS adipocytes
have been shown to be morphologically, biochemically and
functionally identical to in vitro differentiated adipocytes from
healthy human subjects. Their pattern and time-course of gene
expression during differentiation was comparable to the findings in
human preadipocytes in primary culture [24]. SGBS cells show a
dynamic secretion pattern dependent of their state of differenti-
ation [27,39]. Though the majority of adipocyte secreted proteins
(including leptin and adiponectin) is increasingly produced over
the time span of adipocyte differentiation, the secretion levels of a
minor fraction either decrease consistently or show a midterm
peak level [24,27]. Interestingly, the presence of the two ACM
harvested on different days influenced the IFN-c expression in NK
cells similarly, whereas the expression of the cytotoxic enzyme
GzmA was affected distinctly by each of the two different ACM.
Stimulation with 1% of the ACM harvested on day 7 decreased
the percentage of GzmA producing NK cells. Contrastingly, the
same dosage of the day 11 ACM led to an increase in the GzmA
expression in the CD56bright NK cells without having this effect on
the CD56dim NK cells.
The most extensively studied adipokine is leptin and it affects
immune cell functions via its receptor Ob-R [40] which is also
expressed by human NK cells [41]. Our results show a similar
distribution of Ob-R+ cells in both NK cell subsets with 4–8% of
the cells expressing the leptin receptor. We observed slightly
higher levels of Ob-R+ NK cells in overweight subjects (BMI
$25 kg/m2) as compared to normal-weight subjects (BMI
,25 kg/m2), consistent with a previous study that showed higher
leptin receptor mRNA levels in DIO rats in comparison to lean
littermates [19]. After an intravenous leptin injection, the Ob-Rb
expression in NK cells from obese rats was up-regulated. This
occurred together with a decreased NK cell activity and a lower
activation of Ob-Rb postreceptor signaling components, suggest-
ing a functional desensitization of leptin signaling in NK cells of
obese animals. In a more recent study by our group an up-
regulated Ob-R expression after leptin stimulation was also seen in
human NK cells [33].We further noted a trend of higher
peripheral blood NK cell numbers in the overweight group as
compared to the normal-weight group. Our group previously
showed higher NK cell numbers in DIO rats after adoptive
transfer from obese rats as compared to lean recipients [18].
Studies concerning adipocyte differentiation and adipokine
secretion have frequently been conducted with the well-established
murine adipocyte cell line 3T3-L1 [25,26]. However, the
extrapolation of findings from these experiments to the human
system is limited by the fact that adipokines show species-specific
differences [27,39]. The poor comparability of findings in humans
and mouse models was recently confirmed by a study investigating
the effects of inflammation on white blood cell gene expression
[42]. Our studies showed distinct effects of human SGBS and
murine 3T3-L1 ACM on NK cells. Thus, we suggest that the
species-specificity of adipokine-immune interactions should also be
considered in future studies.
Summing up, our results showed that human NK cell functions
were altered after a 24 hours stimulation with human ACM. Our
findings are in line with several studies reporting altered NK cell
functions in obesity or after treatment with the adipokines leptin or
adiponectin [18,19,22,41,43,44]. Here, we could show that the
in vitro exposition of PBMCs to an obese metabolic milieu
differentially influenced the expression of intracellular IFN-c and
GzmA in the two distinct human NK cell subsets. Both cytokines,
IFN-c and GzmA, have been associated with autoinflammatory
diseases. The relation between altered adipokine levels during
obesity and associated autoimmune proinflammatory conditions,
as seen in type 2 diabetes, is subject to extensive research. Our
study gives further reference to the mechanisms by which human
NK cell subsets may contribute to the chronic low-grade
inflammatory state observed during obesity.
Acknowledgments
The excellent technical assistance of Susanne Kuhlmann is very much
appreciated. The authors would like to thank Dr. Evan D. Rosen for
providing the conditioned media from the 3T3-L1 cultures and Faye
Stringer for critical readings of the manuscript.
Author Contributions
Conceived and designed the experiments: HK. Performed the experiments:
LH SE LG TL. Analyzed the data: LH HK. Contributed reagents/
materials/analysis tools: CDW. Wrote the paper: HK LH. Contributed to
discussion: SE CDW LG TL.
References
1. Caballero B (2007) The global epidemic of obesity: An overview. Epidemiol Rev
29: 1–5.
2. Ogden CL, Carroll MD, McDowell MA, Flegal KM (2007) Obesity among
adults in the united states–no statistically significant chance since 2003–2004.
NCHS data brief (1): 1–8.
3. Wilson PW, D’Agostino RB, Sullivan L, Parise H, Kannel WB (2002)
Overweight and obesity as determinants of cardiovascular risk: The framingham
experience. Arch Intern Med 162: 1867–1872.
4. Calle EE, Kaaks R (2004) Overweight, obesity and cancer: Epidemiological
evidence and proposed mechanisms. Nat Rev Cancer 4: 579–591.
5. Falagas ME, Kompoti M (2006) Obesity and infection. Lancet Infect Dis 6: 438–
446.
6. Dixit VD (2008) Adipose-immune interactions during obesity and caloric
restriction: Reciprocal mechanisms regulating immunity and health span.
J Leukoc Biol 84: 882–892.
7. Fantuzzi G (2005) Adipose tissue, adipokines, and inflammation. J Allergy Clin
Immunol 115: 911–919.
8. Kershaw EE, Flier JS (2004) Adipose tissue as an endocrine organ. J Clin
Endocrinol Metab 89: 2548–2556.
9. Trayhurn P (2005) Adipose tissue in obesity–an inflammatory issue. Endocri-
nology 146: 1003–1005.
10. Wolf AM, Wolf D, Rumpold H, Enrich B, Tilg H (2004) Adiponectin induces
the anti-inflammatory cytokines IL-10 and IL-1RA in human leukocytes.
Biochem Biophys Res Commun 323: 630–635.
11. Wulster-Radcliffe MC, Ajuwon KM, Wang J, Christian J, Spurlock ME (2004)
Adiponectin differentially regulates cytokines in porcine macrophages. Biochem
Biophys Res Commun 316: 924–929.
12. La Cava A, Matarese G (2004) The weight of leptin in immunity. Nat Rev
Immunol 4: 371–379.
13. Moschen AR, Kaser A, Enrich B, Mosheimer B, Theurl M, et al. (2007) Visfatin,
an adipocytokine with proinflammatory and immunomodulating properties.
J Immunol 178: 1748–1758.
14. Lago F, Dieguez C, Gomez-Reino J, Gualillo O (2007) The emerging role of
adipokines as mediators of inflammation and immune responses. Cytokine
Growth Factor Rev 18: 313–325.
15. Trayhurn P, Wood IS (2004) Adipokines: Inflammation and the pleiotropic role
of white adipose tissue. Br J Nutr 92: 347–355.
16. Fernandez-Riejos P, Najib S, Santos-Alvarez J, Martin-Romero C, Perez-Perez
A, et al. (2010) Role of leptin in the activation of immune cells. Mediators
Inflamm 2010: 568343.
17. Farooqi IS, Matarese G, Lord GM, Keogh JM, Lawrence E, et al. (2002)
Beneficial effects of leptin on obesity, T cell hyporesponsiveness, and
neuroendocrine/metabolic dysfunction of human congenital leptin deficiency.
J Clin Invest 110: 1093–1103.
18. Lautenbach A, Wrann CD, Jacobs R, Muller G, Brabant G, et al. (2009) Altered
phenotype of NK cells from obese rats can be normalized by transfer into lean
animals. Obesity 17: 1848–1855.
Adipokines Differentially Affect Human NK Cells
PLOS ONE | www.plosone.org 10 September 2013 | Volume 8 | Issue 9 | e75703
19. Nave H, Mueller G, Siegmund B, Jacobs R, Stroh T, et al. (2008) Resistance of
janus kinase-2 dependent leptin signaling in natural killer (NK) cells: A novel
mechanism of NK cell dysfunction in diet-induced obesity. Endocrinology 149:
3370–3378.
20. Vivier E, Tomasello E, Baratin M, Walzer T, Ugolini S (2008) Functions of
natural killer cells. Nat Immunol 9: 503–510.
21. Lanier LL (2008) Up on the tightrope: Natural killer cell activation and
inhibition. Nat Immunol 9: 495–502.
22. Kim KY, Kim JK, Han SH, Lim JS, Kim KI, et al. (2006) Adiponectin is a
negative regulator of NK cell cytotoxicity. J Immunol 176: 5958–5964.
23. Housa D, Housova J, Vernerova Z, Haluzik M (2006) Adipocytokines and
cancer. Physiol Res 55: 233–244.
24. Wabitsch M, Brenner RE, Melzner I, Braun M, Moller P, et al. (2001)
Characterization of a human preadipocyte cell strain with high capacity for
adipose differentiation. Int J Obes Relat Metab Disord 25: 8–15.
25. Gregoire FM, Smas CM, Sul HS (1998) Understanding adipocyte differentia-
tion. Physiol Rev 78: 783–809.
26. Poulos SP, Dodson MV, Hausman GJ (2010) Cell line models for differentiation:
Preadipocytes and adipocytes. Exp Biol Med 235: 1185–1193.
27. Zhong J, Krawczyk SA, Chaerkady R, Huang H, Goel R, et al. (2010) Temporal
profiling of the secretome during adipogenesis in humans. J Proteome Res 9:
5228–5238.
28. Cooper MA, Fehniger TA, Caligiuri MA (2001) The biology of human natural
killer-cell subsets. Trends Immunol 22: 633–640.
29. Corazza N, Kassahn D, Jakob S, Badmann A, Brunner T (2009) TRAIL-
induced apoptosis: Between tumor therapy and immunopathology.
Annals N Y Acad Sci 1171: 50–58.
30. Takeda K, Smyth MJ, Cretney E, Hayakawa Y, Yamaguchi N, et al. (2001)
Involvement of tumor necrosis factor-related apoptosis-inducing ligand in NK
cell-mediated and IFN-gamma-dependent suppression of subcutaneous tumor
growth. Cell Immunol 214: 194–200.
31. Dunn C, Brunetto M, Reynolds G, Christophides T, Kennedy PT, et al. (2007)
Cytokines induced during chronic hepatitis B virus infection promote a pathway
for NK cell-mediated liver damage. J Exp Med 204: 667–680.
32. Falschlehner C, Schaefer U, Walczak H (2009) Following TRAIL’s path in the
immune system. Immunology 127: 145–154.
33. Wrann CD, Laue T, Hu¨bner L, Kuhlmann S, Jacobs R, et al. (2012) Short-term
and long-term leptin exposure differentially affect human natural killer cell
immune functions. Am J Physiol Endocrinol Metab. 302(1): E108–E116.
34. De Maria A, Bozzano F, Cantoni C, Moretta L (2011) Revisiting human natural
killer cell subset function revealed cytolytic CD56(dim)CD16+ NK cells as rapid
producers of abundant IFN-gamma on activation. Proc Natl Acad Sci USA 108:
728–732.
35. Spalding KL, Arner E, Westermark PO, Bernard S, Buchholz BA, et al. (2008)
Dynamics of fat cell turnover in humans. Nature 453: 783–787.
36. Arner P, Spalding KL (2010) Fat cell turnover in humans. Biochem Biophys Res
Commun 396: 101–104.
37. Bluher M (2009) Adipose tissue dysfunction in obesity. Exp Clin Endocrinol
Diabetes 117: 241–250.
38. McLaughlin T, Deng A, Yee G, Lamendola C, Reaven G, et al. (2010)
Inflammation in subcutaneous adipose tissue: Relationship to adipose cell size.
Diabetologia 53: 369–377.
39. Rosenow A, Arrey TN, Bouwman FG, Noben JP, Wabitsch M, et al. (2010)
Identification of novel human adipocyte secreted proteins by using SGBS cells.
J Proteome Res 9: 5389–5401.
40. Tartaglia LA, Dembski M, Weng X, Deng N, Culpepper J, et al. (1995)
Identification and expression cloning of a leptin receptor, OB-R. Cell 83: 1263–
1271.
41. Zhao Y, Sun R, You L, Gao C, Tian Z (2003) Expression of leptin receptors and
response to leptin stimulation of human natural killer cell lines. Biochem Biophys
Res Commun 300: 247–252.
42. Seok J, Warren HS, Cuenca AG, Mindrinos MN, Baker HV, et al. (2013)
Genomic responses in mouse models poorly mimic human inammatory diseases.
PNAS 110 (9): 3507–3512.
43. Lynch LA, O’Connell JM, Kwasnik AK, Cawood TJ, O’Farrelly C, et al. (2009)
Are natural killer cells protecting the metabolically healthy obese patient?
Obesity 17: 601–605.
44. O’Shea D, Cawood TJ, O’Farrelly C, Lynch L (2010) Natural killer cells in
obesity: Impaired function and increased susceptibility to the effects of cigarette
smoke. PloS One 5: e8660.
Adipokines Differentially Affect Human NK Cells
PLOS ONE | www.plosone.org 11 September 2013 | Volume 8 | Issue 9 | e75703
